While new therapies for chronic hepatitis C virus infection have delivered remarkable cure rates, curative therapies for chronic hepatitis B virus (HBV) infection remain a distant goal. Although current direct antiviral therapies are very efficient in controlling viral replication and limiting the progression to cirrhosis, these treatments require lifelong administration due to the frequent viral rebound upon treatment cessation, and immune modulation with interferon is only effective in a subgroup of patients. Specific immunotherapies can offer the possibility of eliminating or at least stably maintaining low levels of HBV replication under the control of a functional host antiviral response. Here, we review the development of immune cell therapy for HBV, highlighting the potential antiviral efficiency and potential toxicities in different groups of chronically infected HBV patients. We also discuss the chronic hepatitis B patient populations that best benefit from therapeutic immune interventions. 
INTRODUCTION
In contrast to most communicable diseases, morbidity and mortality rates related to infection with hepatitis B virus (HBV) and hepatitis C virus (HCV) have increased over the last 20 years. 1 The two different viruses (HCV is an RNA virus belonging to Flaviviridae, while HBV is a DNA virus of the Hepadnavirus family) are both hepatotropic, noncytopathic, and able to establish persistent infections that cause different degrees of hepatic inflammations (chronic hepatitis) leading to the development of liver cirrhosis and hepatocellular carcinoma (HCC). However, the therapeutic advances in their treatment have been radically different. New therapies for HCV have delivered remarkable results, with more than 90% of patients achieving viral clearance with all-oral treatment with directly acting antivirals. 2 In contrast, therapy options with curative intent for HBV are still a distant future 3 and thus new therapies, targeting either steps of HBV replication or the host immune system, are urgently needed.
LIMITATIONS OF CURRENT THERAPIES FOR HBV
Current treatments for chronic HBV infection (CHB) include pegylated-interferon-α (Peg-IFNα) and nucleos(t)ide analogues (NAs), but neither are suitably efficient in providing functional cure, 4 a virological and clinical situation defined by undetectable levels of hepatitis B surface antigen (HBsAg) and HBV DNA in the serum, normality of alanine aminotransferase (ALT) and development of hepatitis B surface antibody (anti-HBs). The term "functional cure" is thus used to define a virological situation in which, like in patients who resolved acute hepatitis B infection, HBV is not fully eliminated and few hepatocytes harbor covalently closed circular DNA (cccDNA) that is maintained under a repressed translational control by innate and adaptive immune mechanisms (NB, for an extended definition of functional cure in HBV we recommend 3 ). Peg-IFNα can achieve sustained off-treatment control, but only in a limited proportion of patients; approximately 10%. NAs therapy suppresses the production of new virions, reduces HBV DNA to undetectable levels in the serum and leads to a normalization of transaminases. However, loss of HBsAg is rarely achieved. Furthermore, since NAs suppress HBV replication by targeting at the level of DNA synthesis only, they are ineffective in their ability to eradicate the cccDNA, the episomal form of HBV from infected cells. 5 Treatment with NAs is thus considered lifelong with the potential risk of long-term toxicity, 6 with limited data on treatment withdrawal, which results in reactivation of HBV in the majority, 5 likely due to a defect on the restoration of anti-HBV immunity.
WHY WE SHOULD BOOST THE HOST IMMUNE SYSTEM IN CHRONIC HBV INFECTION?
The rational of immune based approaches to achieve functional cure of HBV infection stems primarily from studies that have analyzed the profile of innate and adaptive immunity during HBV infection, but also from observations derived from HBV-infected patients under immunosuppressive treatment or bone marrow transplantation. 7, 8 During natural HBV infection the innate immune system is poorly activated, due to an intrinsic ability of the virus to escape recognition. Readers are directed to these recent reviews for in depth description of such mechanism. 5 aiming to activate these different components of innate immunity and to obtain for example a localized production of antiviral cytokines in the liver have been sought as possible immunological based therapies for HBV. 17 The role of natural killer (NK) cells in HBV infection remains controversial with demonstration of a possible protective or pathogenic role. 18 The ability of IFNα therapies to control HBV replication has been linked with activation of NK cells 19 which can be also detected in patients who controlled acute HBV infection. 20, 21 However, at present it is not clear whether NK cells preferentially target HBV-infected hepatocytes or have a regulatory capacity on HBV-specific T cells. 22 Similarly, even though anti-HBs antibodies have protective capacity and a defective humoral response has been implicated in HBV chronicity, the quantity and functionality of HBV-specific B cell responses during HBV infection is still poorly understood. 23 The reactivation of HBV replication in a proportion of B cell depleted patients treated with rituximab support a role in HBV control 24 and the therapeutic efficacy of anti-HBs antibody has been shown with HBV transgenic mice. 25 The importance of T cells in establishing a functional cure of chronic HBV infection is instead a very established concept based on data obtained from patients and animal models. In chimpanzees acutely infected with HBV, deletion of CD8 T cells causes the establishment of a chronic HBV infection. 26 Patients with acute HBV infection mount a cellular anti-HBV immune response that is temporally correlated with HBV serum clearance. [27] [28] [29] However, HBV-specific T cells are quantitatively and functionally defective in CHB patients. 30 On the other hand, immunosuppressive treatments targeting cellular immunity in anti-hepatitis B core (anti-HBc) positive subjects often trigger rapid reactivation of HBV. 31 These data therefore indicate that virus specific T cells have the capacity to maintain HBV infection under tight replicative control.
THERAPEUTIC STRATEGIES TARGETING INNATE IMMU-NITY
Therapeutic strategies aimed at increasing innate immunity ( Table 1 , Fig. 1A ) exploit the robust antiviral efficacy demonstrated by distinct cytokines (TNFα, IFNα, IFNγ and IL-1β) 13, 14, 32, 33 mimicking the activation of innate immunity during the early phase of acute HBV infection 20 and inducing a potent maturation of the adaptive immunity. 34, 35 Toll-like receptor (TLR)
or RIG-I agonists have been developed to trigger activation of
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Chronic HBV infection Activation of intrahepatic innate immunity innate cytokines directly from hepatocytes (RIG-I) 36 or from neighboring immune cells (TLR-7 and TLR-8 agonists). 37 A TLR7
agonist (GS-9620) has been developed and demonstrated to induce IFNα production in plasmacytoid dendritic cells (pDCs). Oral administration of this compound induces a preferential activation of pDC in the gut and liver. 37 The drug administered to HBV-infected chimpanzees and woodchucks infected by woodchuck hepatitis B virus (WHBV) have shown a robust even though transient anti-HBV activity. 37, 38 The compound has been also already tested in a phase I/ II clinical trial without side effect but scarce antiviral efficacy, likely due to the low dose used in patients (4 mg per patient compared to 1 mg/kg in chimpanzees). 39 New compounds with TLR-8 activity are also in development. TLR-8 agonists have been shown to be the most robust activator of pattern recognition receptors present in the intrahepatic environment. 40 Such compound should trigger a more robust IFNγ response in the liver in comparison to TLR-7 agonist thanks to its ability to activate IL-12 and IL-18 secretion from intrahepatic monocytes/ DCs. 40 These cytokines can then activate intrahepatic NK and natural killer T cells, particularly mucosal associated invariant T (MAIT) cells that constitute a large proportion of T cells expressing NK markers in the human liver, 41 to produce large a quantity of
IFNγ. In addition, IL-12 has been shown to boost the partial recovery of exhausted HBV-specific T cells 42 raising the possibility that such compounds might not only directly suppress HBV replication by triggering the production of antiviral cytokines but also by boosting the intrahepatic T cell response. Other strategies to augment the innate immune response within the HBV-infected liver are to selectively direct different cytokines to HBV-infected hepatocytes (Table 1, Fig. 1A ). For example a T cell receptor (TCR)-like antibody conjugated with IFNα has been shown to specifically target and deliver the antiviral cytokine to HBV-infected hepatocytes. 43 The approach is to produce antibodies that are specific only for HBV-infected cells thanks to their ability to recognize the HBV-peptide/human leukocyte antigen (HLA)-complexes present on the surface of infected hepatocytes. Since these antibodies do not recognize HBV conformational antigens, they are not blocked by the high quantity of HBs or HBe antigens present in the serum of CHB patients and as such, target HBV-infected hepatocytes without the interference of HBV secretory antigens. In addition, they will not target other cells, like monocytes that have internalized these HBV antigens in CHB patients. 44 These antibodies have been shown to work in vitro but functional testing in animal model has not been performed yet. 45 A note of caution about these strategies designed to increase intrahepatic cytokines like IFNα or IL-12 is that these cytokines can also directly activate NK cells. We have pointed out above that NK activation might have a dual effect. They can directly target HBVinfected hepatocytes but also act as a rheostat to HBV-specific T cells. The possibility that activators of innate immunity might suppress HBV-specific immunity should be therefore considered.
THERAPEUTIC STRATEGIES TARGETING ADAPTIVE IMMUNITY
The importance of specific T cell responses in the control of HBV replication have stimulated the development of strategies designed to enhance HBV-specific T cell responses in chronic HBV patients. Two strategies can be envisaged: one designed to boost the defective HBV-specific T cells still present in some chronic HBV patients, another one to engineer new HBV-specific T cells that can be adoptively transferred into patients (Table 1 and metabolic alterations 65, 66 highlight the difficulty of boosting the existent HBV-specific T cells, particularly in the category of CHB that is more in need, hepatitis B e antigen positive (HBeAg+) patients with high levels of HBsAg and viral replication. Therefore the development of strategies of immune restoration based on adoptive transfer of newly engineered HBV-specific T cells has emerged. 67 Clinical evidences are supporting this strategy since treatment of patients with leukemia and chronic HBV infection with bone marrow transplant from subjects with a HBV-specific T cell response (subjects vaccinated with HBV or subjects who have spontaneously controlled HBV infection) 7, 8 leads to HBV clearance. Similarly, transplantation of a HBVinfected liver into a subject with HBV-specific adaptive immunity resulted in subsequent HBV clearance 68 associated with an increase in HBV-specific cellular and humoral responses. Taken together, these data support the hypothesis that direct adoptive transfer of HBV-specific T cells in patients with chronic HBV infection might lead to HBV control. For these reasons, design and expansion of differently engineered HBV-specific T cells for adoptive T cell transfer have been attempted. T cells able to recognize HBV-infected cells have been constructed using a chimeric antigen receptor made of an anti-HBs-specific antibody or using canonical HLA-class I restricted HBV-specific T cell receptors. [69] [70] [71] 
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A major problem of adoptive T cell therapy is the practical difficulty in implementing them for clinical use. 74 The production of large quantities of engineered T cells is still cumbersome, strictly regulated and necessitates a laboratory with highly skilled personnel. New technology and methods are likely to progressively overcome these practical problems, but at the moment, such therapies remain only possible in a few laboratories. 75 For these reasons, strategies that utilize antibodies with TCRlike specificities 45 or soluble TCR 76 able to redirect endogenous T cells against infected hepatocytes have also been proposed. The advantages of these approaches are that they do not require manipulation of T cells outside the patient's body. The antibodies or the soluble TCR, designed to induce specific accumulation and triggering of endogenous T cells in close contact to their specific targets, can be injected directly into the patients. At the moment, such strategy has been used with success in human immunodeficiency virus infections (soluble TCR) 77 while TCRlike antibodies have been only used to deliver cytokine payloads directly towards HBV-infected targets. 43 
CONTROLLING HEPATIC TOXICITY IN IMMUNE THERAPY
The therapeutic strategies designed to boost host immunity and in particular HBV-specific T cells in patients with chronic HBV infection carry the inherent risk of inducing severe liver inflammatory events. Since the liver is an organ essential for life, such risk needs to be carefully managed.
HBV is a non-cytopathic virus; CD8 T cells are essential for viral control but in addition to lyses of HBV-infected hepatocytes, they can trigger liver inflammation. 78, 79 It is however difficult to predict the extent of liver damage that a specific number of HBV-specific CD8 T cells can induce. Liver inflammation is not only related to the quantity and fitness of restored HBV-specific CD8 T cells (i.e., by checkpoint inhibitors therapy) or adoptively transferred engineered HBV-specific T cells but also to the modification of the liver environment induced by the chronic infection. Human studies performed to quantify the number of HBV-specific CD8 T cells in different clinical situations have for example clearly demonstrated that a direct proportionality between HBV-specific CD8 T cells and extent of liver damage is observed only in patients with acute hepatitis. 29 Such direct correlation does not exist in chronic HBV patients where liver damage is related to the ability of HBV-specific CD8 T cells to trigger the recruitment of inflammatory cells. 80 Furthermore, it has been recently shown that similar numbers of HBV-specific T cells can be demonstrated in chronic HBV patients with active hepatitis or in those with a complete absence of liver inflammatory events. 81, 82 In addition, high frequencies of liver resident HBV-specific T cells were found in subjects with normal liver, showing that intrahepatic HBV-specific T cell can have pure protective ability and are not correlated with the extent of liver damage. 83 The causes of why liver inflammatory patterns cannot be directly correlated with the quantity of HBV-specific T cells are not completely clear, but it is instead certain that several variables can modulate both liver inflammatory events and T cell fitness. For example, release of arginase directly from hepatocytes or from myeloid suppressor cells has been shown to dampen T cell function. [84] [85] [86] Equally, NK cells 18 These myeloid cells do not carry the classical anti-inflammatory features of resident intrahepatic monocytes (Kupffer cells), but are constantly producing inflammatory cytokines trough activation with bacterial products. 89 It might be hypothesized that activation of HBV-specific CD8 T cells in an environment rich of such inflammatory myeloid cells will initiate a more severe inflammation of the liver. In other words, similar levels of CD8 T cells responses in different liver microenvironments would trigger different degrees of liver inflammation (Fig. 3) . The risk of inducing severe liver damage through the use of immune therapy is therefore still difficult to predict. It can be potentially managed by a careful selection of CHB patient populations, but research efforts need to be boosted to understand which is the liver environment that can better support an exogenous activation of innate or adaptive intrahepatic immunity. One other strategy to reduce the risk of liver toxicities is to develop approaches with lower ability to trigger inflammatory events. Indeed, if the restoration of HBV-specific T cell response in chronic HBV patients through checkpoint inhibitors or vaccines is difficult to modify or predict and would be related to the quantity of exhausted T cells present in the distinct groups of patients, adoptive T cell transfer can be performed with engineered HBV-specific CD8 T cells with reduced ability to trigger inflammatory events. One of these strategies is based on the utilization of T cells engineered to only transiently express HBVspecific TCRs through non-viral gene transfer systems. T cells transduced by viral vectors stably express the TCRs, and their unchecked expansion might lead to progressive liver toxicities that is difficult to manage clinically. To bypass this problem, we implemented a strategy where T cells are engineered through messenger RNA (mRNA) electroporation and they express HBVspecific TCRs for only 3 to 5 days. 90 In addition, to circumvent safety concerns related to stable genetic manipulation of T cells induced by viral vectors, these cells with limited life-span can be adoptively transferred in escalating doses and their potential toxicities are more easily managed than stably transduced TCRredirected T cells. Despite their transient expression of TCRs, mRNA TCR-redirected T cells control the expansion of HBVexpressing hepatoma cells in mice. 90 Furthermore, the antiviral activity of mRNA TCR-redirected T cells was also recently tested in an HBV-infected human liver chimeric uPA/SCID/ILγR2 (USG) mouse model. 73 These mRNA TCR-redirected T cells were shown to preferentially home to the liver of HBV-infected mice and induced a progressive but timely controlled virus-specific immune-mediated reduction of serological and intrahepatic HBV viral loads (~1 to 1.5 log reduction of HBV DNA after 3 doses of 0.5 million T cells). Importantly, mRNA TCR-redirected T cells trigger only a temporary immune-mediated killing of the infected hepato- cytes. Ten days after infusion the treated mice show a reversion of transaminase levels identical to the ones detected prior to therapy. Such data are important for the clinical translation of T cell therapy into patients, since the temporary effect of mRNA TCR-redirected T cells will permit a safe implementation of dose escalating regimes. This could allow the optimization of dose and therapy length required to achieve substantial reduction of HBV-infected hepatocytes without triggering severe inflammatory events that should subside when the expression of HBVspecific TCRs disappear from the adoptively transferred T cells.
The flexibility of such cell preparation will also allow to study possible combination therapy with drugs suppressing HBV replication (NAs) or blocking hepatocyte re-infection and intrahepatic spreading of HBV (Myrcludex-B).
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HBV IMMUNOTHERAPY -WHICH PATIENTS SHOULD BE TREATED?
Current guidelines for hepatitis B indicate that antiviral therapy should be reserved until the appearance of clinically active liver disease or the development of fibrosis. The rationale of such an approach is based on three main suppositions: (1) the initial stage of CHB infection defined as "immune tolerant" (now defined as HBeAg+ chronic infection) is a fully benign without any relevant pathological consequences; (2) only CHB patients that have active inflammation are eligible for therapy; and (3) the elevation in transaminase levels is a sign of an "awakening" of the host immune response. Although the premise on which these points are based on are not completely incorrect, we can now better define their clinical and immunological significance based on new recent data.
The first point to consider is whether the initial phase of disease is really devoid of pathological consequences and if we should wait to treat patients with chronic HBV infection until active liver inflammation occurs. We have recently demonstrated that patients in the early stages of infection exhibit already high levels of HBV DNA integration and clonal hepatocyte expansion, which may be a risk factor for HCC. 82 Studies have also shown that the incidence of HCC and cirrhosis is seen to increase with elevated levels of HBV DNA; moreover HBV DNA level, irrespective of biochemical activity, is a strong predictor of HCC. 92 These data, therefore provide weight to the argument for earlier treatment of patients with chronic HBV 93 in order to treat not only the liver inflammation but also for the prevention of liver cancer. The second consideration is that ALT levels are not a surrogate measure of the virus-specific T cell response. In adenovirus infected mice, T cell immunity against hepatocytes was detected without an elevation of transaminase levels. 94 In CHB patients, the quantity of circulating and intrahepatic HBV-specific T cells is not proportional to the level of biochemical activity. 80, 95 In addition, young CHB patients considered "immune tolerant"
(low ALT and very high levels of HBV DNA) have a repertoire and function of HBV-specific T cells that is similar to the one of patients with chronic active hepatitis (high ALT levels and high HBV DNA). 81 Thus the difference between chronic HBV patients with either low or high levels of ALT is their level of intrahepatic inflammatory cells (inflammatory monocytes, non HBVspecific T cells, NK cells) and not their level of HBV-specific immunity. Patients with a higher level of ALT might be more prone to developing an inflammatory response. Importantly, basic immunological studies comparing immune profiles of humans at different ages have shown that pro-inflammatory responses increase proportionally with age. 96 As such it might be true that older patients with chronic active hepatitis have a more "awakened" host immune response, but such an "increased" immune response is certainly not HBV-specific, but it is the result of a more general trend to start and maintain an intrahepatic inflammatory reaction which increases with age. 97 Therefore, we would argue that the new immunological therapies designed to boost innate or adaptive immunity in patients with chronic HBV infection (Fig. 1) , might be better suited for treating young patients in the so called "immune tolerant" phase of the disease, now redefined as HBeAg+ infection, than older subjects with chronic active hepatitis B (now better defined as HBeAg+ hepatitis, EASL guidelines 98 ) (Fig. 3) . Our argument centers around the point that, in immunological terms, younger subjects have less compromised HBV-specific T cell function and a lower "pro-inflammatory response" than older subjects and for this reason they might be more likely to recover their HBV-specific T cell immunity and less likely develop a severe inflammatory reaction in the liver (see also 97 ). Another important consideration is that, as we have already pointed out, the presence of an inflammatory infiltrate may in fact lead to the inhibition of the HBV-specific responses that immunological therapies would like to boost. TNFα, released by inflammatory monocytes that are increased in the advanced phase of chronic hepatitis B, 89 can directly inhibit virus-specific T cells. 99 Furthermore, the intrahepatic environment of patients with chronic active hepatitis is not conducive for antigenspecific immune function. It is enriched with regulatory immune cells (T-regs, myeloid derived suppressor cells, NK cells) that can suppress not only the inflammatory response but also HBV-specific T cells. In addition, arginase, the enzyme released by dying hepatocytes, deprive the liver environment of arginine, an essential amino acid for virus-specific T cell function. [84] [85] [86] In this regard, treating patients with lower levels of inflammation (or indeed lower ALT) may achieve a more beneficial outcome.
In keeping with this, a small study by Gotto et al. 100 showed that treatment with steroids, as a means of immunosuppression, to dampen the inflammatory infiltrate prior to NA initiation, in fact resulted in an increase of HBV-specific T cells. Furthermore, it is interesting to note that successful vaccine therapies in woodchucks with persistent WHBV infection were seen in animals with low or absent liver inflammatory events. 54 In this context, it should also be noted that the addition of NA therapy, to decrease not only HBV DNA levels but also intrahepatic inflammatory events, might be beneficial. Therefore, taking these data into account, it is likely that even at a similar elevated level of HBV DNA, patients with lower ALT levels, and/or of younger age may respond better to immunological based treatment. As these patients, considered immune tolerant, are usually excluded from the treatment pool, there is a paucity of data on the outcome of traditional treatment in this cohort. However, even with the few studies performed, data actually show that such patients are not at all less likely to respond to treatment. A study by Carey et al. 101 showed for example that "immune tolerant" children treated with a combination of NA (Lamivudine) and Peg-IFNα demonstrated evidence of HBsAg loss associated with increased HBV-specific T cell proliferation early during therapy.
CONCLUSIONS
New immune therapies, currently in the pipeline, are supported by strong scientific rational but their efficacy in the real life setting remains to be seen. The risk of inducing severe liver inflammation has so far restricted direct clinical testing. We argued here that new methods of T cell engineering and criteria of CHB patient selection for immunotherapy should be revised, and such options can open new and safer avenues to test these new immunotherapeutic approaches.
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